The paper deals with optimal sizing of a gas turbine for repowering of cogeneration power plant Ljubljana considering possible plant operational strategy with respect to variations of electric and heat loads and energy costs. CHP plant is a main source' for the Ljubljana town district heating system. Existing plant consists of two condensing steam turbines with steam extraction, back pressure turbine with steam extraction, auxiliary steam and hot water boilers for peak heat load production. This system delivers up to Ill MW into the power grid and up to 348 MW of heat. Repowering with gas turbine generator set with additionally fired heat recovery boiler is considered. For uncoupling heat and power generation a heat storage tank is assumed.
INTRODUCTION
The advances in the gas turbine (GT) technology have made the OT based power plants competitive in Slovenia in the whole range of usage especially for intermediate and peak loads (TomAit, 1994) . This paper outlines the main conclusions and findings from a study of repowering of a district heating cogeneration power plant (CHP) Ljubljana. The existing steam turbine (Si') based system would be repowered with GT set with additionally fired heat recovery steam generator (HRSG). In Slovenia peak power is particular valuable, as over 37% is produced by nuclear power plant and 26 % in run of the riverhydro power plants. Recent feasibility studies (Debeljalc, 1992) and (Gruden, 1993) showed also that heat storage installation could contribute to more reliable heat and electricity production with optimal system flexibility and availability. Whereas traditionally some flexibility was gained by variable operation of condensing parts of pass-out ST, better option is available with heat storage and heat recovery repowering. Installation of a hot water accumulator is expected in near future regardless of the repowering option. In this paper heat storage is assumed as an existing element of plant configuration.
Because of the complex interaction of characteristics of the plant equipment, time-of-use tariffs and heat consumption patterns, optimal control strategy is determined by means of a Mixed Integer Linear Programming (MILP) technique. Heat demand is fully respected. The procedure is performed on representative weekly load diagrams for each month of the year and it provides the necessary inputs for an economic analysis. CHP plant is a main source for the Ljubljana town district heating system which has a thermal peak load of 500 MW. Figure 1 shows the general structure. This plant is selling the generated power from the two condensing and one back pressure turbine, all with steam extraction, to the public grid on the 110 kV level. It also supplies industry and town with heat from the ST extraction, auxiliary hot water and auxiliary steam boilers and hot water accumulator. A combination of high sulphur domestic and low sulphur Indonesian coal (approximately 40% : 60%) is the fuel used for the block 1 (32 MW), 2 (29 MW) and 3 (50 MW). Auxiliary boilers are tired by heavy fuel oil. In the future more imported coal is expected to be burnt on blocks 1 and 3 for environmental reasons. Repowering of block 2 with GT set with additionally fired HRSG fueled by natural gas is studied. Two GT sizes are considered: a GT 10 (ABB, 1995) size 25 MW and a GT8C (ASS, 1995) size 53 MW for a range of assumption regarding power purchase price levels and tariff schedules. Technically the differences of the repowering alternatives are that for the smaller GTIO set a high additional firing rate of 62% is needed, present steam parameters (91 bar, 520 °C) are maintained. For the GT8C alternative the additional firing rate is 16% and steam parameters are reduced to 55 bar, 477 °C. The goal of this investigation is to determine optimal operation for the two alternatives and expected summary operation indicators. The Figure 2 illustrates the energy flow diagram of the repowered CHP plant Ljubljana. In Table 1 the capacity and the number of each kind of plant equipment after repowering is represented. Table 1 . Capacity and number of constituent equipment after repowering with GTIO or GT8C sets OPTIMAL OPERATION OF COGENERATION POWER PLANT LJUBLJANA The Optimisation Problem Formulation. In order to determine the optimal operation mode for the each element of the plant constituent equipment it is necessary to take into account the discontinuity of the performance characteristic due to the unit commitment as well as the efficiency variation due to the part load operation (Ito, 1990) . Also the time ordering of operation decisions becomes important because the operating condition selected during one interval affects the thermal energy available at the beginning of the next one (charging/discharging of the hot water accumulator). We have a dynamic multistage decision process as there is a need to determine the unit commitment and load levels and to redistribute the production of power with the heat accumulator (Urbaneit, 1992) . The optimal operation policy can be found only by optimising the system operation over a period in which produced and delivered heat can be considered equal, e.g. one week.
All physical, technical and economic system characteristics are described in a mathematical model of the plant. Two interdependent decisions are involved: the gas turbine size and the operational policy of the plant constituent equipment.
Objective function. Revenues from heat sales do not depend on operation. Net revenues considering power sales at time dependent tariff schedule and cost of fuel for gas turbine, additional firing, coal boilers and auxiliary heavy fuel oil boilers should be maximised.
Set of feasible solutions. The modes of feasible operation satisfy: i) the system technical constraints (energy conversion characteristics of the boilers, steam turbines, gas turbine, auxiliary boilers, feasible dynamics of hot water accumulator, energy flow and other capacity constraints ...) and the consumer demands on process steam and hot water for district heating.
Mathematical model
Optimisation variables. To represent the different operation modes of the plant, the continuous, real valued variables are used. These variables indicate the operational level of each element of the constituent equipment, i.g. energy input and energy output as well as the amount of the stored thermal energy in the hot water accumulator. For the identification the on/off status of operation according to the plant unit commitment, binary variables (zero -one integer variables) are adopted.
Optimisation interval. Assuming that the heat loads are changing periodically with the time period of one week a time interval of one week for each month (except August -yearly refit of the plant) is defined. The heat demands (process steam and heat for district heating) were described by series of discrete time variables which represent values at the end of subintervals. Also as the previous conditions of the accumulator influence on the future system operation, therefore it is necessary to find the initial value for the storage heat. This problem was solved treating the optimisation interval as cyclic, i.e. the heat storage value at the beginning and at the end of the optimisation interval is equal (Larsen, 1984) .
Discretisation. The optimisation interval is divided into T-168 sampling time intervals (subintervals) of the length Lit = 1 hour reducing the problem to a sequence of optimisation searches.
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Constraints
Performance Characteristics of Equipment. Each piece of equipment is formulated as a physical constraint of the optimisation problem.
(a) Gas Turbine Generator (CT). Main performance characteristics of a gas turbine generator are relationships between electric power, waste heat flow rate and natural gas consumption. With sufficient accuracy these relationships are approximated by first order equations:
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The coefficients a, d, e and h are equipment specifics. Superscript min and max denote respectively lower and upper bounds of input or output energy, respectively unit commitment is expressed with the zero-one integer variable 8 (8=1 denotes the on status and 8=0 the off status).
According to the fact, that the ambient temperature impacts on the gas turbine generator performance characteristics change, the bounds and the coefficients in equation (1) 
.,T HFA, (c) Heat Recovery Steam Generator (HRSG).
Heat losses in the exhaust flue gases, which takes the major part of HRSG total heat losses, have already been included through the model of the available heat from gas turbine, taking into account the real stack temperature of exhaust gases. Of the total heat recovered in HRSG a constant fraction x is allocated to steam production and (1-x) to hot water production (Stanidie, 1993) .
( Additional constraints. The following constraints are not physically necessary, but from an economical point of view reasonable:
d) Economiser (HEC).
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1) for gas turbine generators, one start up per each day is allowed:
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Similar)', for steam turbine generators, one start up per week is allowed 2) it is expected that if a turbine generator is started it should at lest be operated for some minimum time (r,, = 7 hours) and that if it is stopped it should not be started again before some minimum time has elapsed (r, = 3 hours): 
Other energy flow limitations.
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scrn (10 -1-Q1 sr (0; =1,...,T (14) Objective function. The adopted objective function is the weekly operational cost which should be minimised for each weekly heat demand pattern: (6) As a result of linearisation pocedure the objective function and all constraints are linear with respect to the unlmown variables. As they also include unknown zero -integer variables the resulting form of optimisation problem is MILP.
Solving Method. The optimisation technique and the computations were carried out by computer programme which applies a branch and bound method.
Calculations Input Data. Heat Demand. The input data for optimisation were the hourly demand of process steam and hot water per one representative week in each month in the reference year 9191 -7192 with the exception of August when the plant has yearly refit The process steam demand estimated for the whole year is more or less uniform, whereas the hot water demand has a characteristic winter peak as a consequence of external temperatures.
Prices. In this paper tariff schedule valid in 1991 for power purchase agreements (RSE, 1991) was used. This price schedule includes both an energy component (given in table 2) and a capacity componenet P which is 130 ECU/kW/year. P is given by P41.4931+0.3*P2+0.3*P3 where: P1 is an average delivery capacity to the power grid in the high tariff in 50 days of the system highest load (winter period and workdays), P2 in 200 system critical hours (during unscheduled power plant outages) and P3 in 2000 system high load hours (high tariff of workdays -in winter 12 hours/day, in summer 6 hours/day).
On Saturdays and holidays energy in FFT1 and HT2 is credited according to HT3. On Sundays the whole 24 hours are credited according to LT2.
Power price is discriminated according to the voltage level. In this case the high voltage price is appreciable.
A coal price of 3.98 ECU/GI for the coals combination, a gas price of 0.12 ECU/Sm 3 (calorific value is 33.5 ME Sm3), a heavy fuel oil price of 2.79 ECU/CU and delivered heat price of 37.02 ECU/MWh for process steam and 32.6 ECU/M171h for hot water is assumed. [20] [21] [21] [22] [23] [24] [17] [18] [19] [20] [20] [21] [21] [22] [23] [24] [18] [19] [20] [21] [22] [23] [24] [19] [20] [21] [15] [16] [21] [22] [23] [24] [15] [16] [21] [22] [23] [24] [13] [14] [15] [16] [21] [22] [23] [24] [13] [14] [15] [16] [21] [22] [23] [24] [13] [14] [15] [16] [21] [22] [23] [24] [21] [22] [23] [24] [17] [18] [19] [20] [20] [21] [21] [22] [23] [24] [17] [18] [19] [20] [20] [21] [21] [22] [23] [24] [17] [18] [19] [20] [20] [21] [21] [22] [23] [24] Energy corn onent (0.001 ECU/kWh) The optimisation results include: plan of operation for each piece of the constituent plant equipment and a plan of fuels consumption.
In a typical week of May the optimal operational policy with GTIO and for GT8C is represented in Figure 3 . and Figure  4 . respectively. As shown in figure 3(a) and 4(a) , the generators are fully loaded in the daytime when the electric power is in great demand and therefore high price for power delivery can be exploited optimally. Part loading of OT is not observed due to low efficiency of such operation. On Sunday the GT is not started because the hot water accumulator is filled up by the end of the week. Smaller number of start ups with the consequence of smaller primary energy consumption is in transition period and summer and therefore the annual operating time is the same for GTIO and GT8C -5920 hours. With GT expensive heat production in the auxiliary boilers is reduced. In Table 3 plant annual power production and fuel costs before and after repowering for process steam production of 147470 tiyear and for hot water production of 1168 GW1i/year is presented. In comparison with non-repowered plant configuration, total estimated operational savings are for GTIO 9.23 millions ECU/year and for GT8C 13.34 millions ECU/year, respectively. For the investment cost of 26.46 millions ECU for GTIO and 38.88 millions ECU for GT8C following It is obvious that either CT sets is a good candidate for repowering CHP Ljubljana.
CONCLUSIONS
Two prospective sizes of TG set for a range of assumption regarding power purchase price levels and tariff schedules were studied for repowering of CHP plant Ljubljana. Repowering was investigated in consideration of plant's optimal operational strategy and therefore a model based on mixed-integer linear programming was developed. An optimal solution was derived by branch and bound method.
According to this anlysis, either GT repowering option offers an excellent investment opportunity. Variant with GTIO set is from the cash flow viewpoint slightly more efficient than variant with GT8C set. Efficiency of the incremental investment cost should be evaluated. For the additional investment of 12.42 millions DEM needed for the larger UT, the IRR is 27.5% and simple PB is 3.13 years. Repowering using the bigger UT seems advisable.
Actual investment decision will depend on more detailed investigations regarding different scenarios of future heat and power demands and other risks of the project.
